P edicle screw insertion is a common procedure among spine surgeons. However, although generally safe, complications arising from malpositioned screws can be devastating and costly.
1-3 The incidence of neurologic injury secondary to malpositioned screws is reported to be as high as 7% to 12%. [4] [5] [6] [7] Bowel and retroperitoneal injuries have also been regarded as consequences of K-wire insertion during percutaneous screw placement. 8 The advancement of image-guidance technology has allowed for pedicle screws to be placed more precisely within the spine. Moreover, the availability of intraoperative computed tomography (CT) permits surgeons to confirm correct screw placement prior to leaving the operating room. 9, 10 The accuracy of navigated pedicle screw placement, in terms of pedicle perforation, has been well reported in the literature. [11] [12] [13] [14] [15] [16] [17] [18] [19] A small number of studies examined image-guided pedicle screw accuracy in terms of intraoperative revision and reoperation rates. 6, 20, 21 The current study focuses mainly on navigated lumbar pedicle screws inserted either open or percutaneously.
The purpose of this study was to evaluate intraoperative revision and reoperation rates of navigated lumbar screw insertion and compare revision rates of open and percutaneous techniques.
Materials and Methods
The authors retrospectively reviewed the medical records of 199 patients undergoing pedicle screw instrumentation with the aid of 3-dimensional (3-D) CT guidance between November 2006 and December 2011. Primary pedicle screw instrumentation was included in the analysis; revision surgeries wherein new screws were simply placed to follow previous screw tracks were excluded. The patient cohort comprised 109 females and 90 males. Mean age was 58 years (range, 7-87 years). The breakdown of diagnoses is listed in Table 1 and Table  2 . Of note, patients who were grouped under degenerative disk disease (DDD) did not present with only back pain; the majority had concomitant diagnoses such as stenosis, facet arthropathy, or a herniated disk with a severely collapsed disk. Degenerative disk disease was used as a blanket diagnosis to simplify the grouping. Approval from the institutional re- (Figure 1) . Intraoperative CT scan (O-arm; Medtronic, Inc, Louisville, Colorado) was obtained with automated image registration to a navigation system (Stealth; Medtronic, Inc). An optical localizer recorded the position of the reference frame and scanned images (Figure 2) .
For open procedures, a midline incision was used. Screw trajectories were determined based on virtual images generated by the computer navigation system. For percutaneous procedures, stab incisions were placed along the paraspinal muscle. A navigated Jamshidi needle was inserted on the desired entry point, followed by K-wire insertion. Once all Kwires were in place, they were evaluated with intraoperative scans. Revisions were performed as necessary by the operating surgeon. For both techniques, pedicle screw size was determined based on CT images and then inserted under 3-D image guidance (Figure 3) . Once all screws are in place, another intraoperative scan was taken to confirm implant position prior to rod fixation and/or corrective maneuvers. Any screws of concern were repositioned, removed, or replaced with another implant such as laminar hooks (Figure 4) . The decision to revise was mainly based on the operating surgeon's assessment. Outcome measures were number of screws or K-wires that needed revision based on the intraoperative CT and number of reoperations for malpositioned screws. Chi-square test was performed to evaluate differences in the open and percutaneous populations.
results
A total of 988 screws were placed in 199 consecutive patients during the study period. Patient distribution is summarized in Table 1 and Table 2 . In the open technique, 601 screws were inserted in 128 patients. In the percutaneous technique, 387 screws were inserted in 71 patients. Based on confirmatory scans, a total of 45 (4.6%) screw and/or K-wire revisions were performed in both groups; 16 (2.7%) screws were revised in the open group (Table 3) , and 21 (5.4%) Kwires and 8 (2.1%) screws were revised in the percutaneous group ( Table 4) . Of the latter 8 screws, 4 were abandoned due to the inability to get an acceptable Kwire placement. The other 4 that passed intraoperative confirmatory scans were removed or abandoned for the following reasons: inadequate screw purchase due to poor bone stock (n=1), brisk bleeding after pedicle screw insertion (n=1), and unacceptable positioning of pedicle screws in the confirmatory scans (n=2). For some reason, those 2 screws did not follow the trajectory of the K-wire. The surgeons speculated that the guidewire in those cases had likely backed out during removal of the tap, and when it was pushed back in, it may have followed a different track. This was the likely cause of the screws following a different direction from the initial K-wire track. There were no neurologic or vascular complications secondary to screw position noted during the immediate postoperative period. No patient needed reoperation for revision of a malpositioned screw.
The difference in the overall revision rates, including guidewire revisions, between the open and percutaneous groups was statistically significant (P=.0004). However, if K-wire revision is excluded and only screw revision taken into account, the difference was not statistically significant (P=.55). 
discussion
Recent literature would indicate that spine surgeons have become increasingly adept at inserting pedicle screws. In their meta-analysis, Kosmopoulos and Schizas 13 reported accuracy rates in the lumbar spine to be 87% without navigation and 92% with navigation. These results are reassuring. However, the rest of the screws that were deemed inaccurate are of more concern, specifically the clinically relevant malpositioned screws that cause neurologic symptoms and require reoperation for revision.
The current authors report a 4.6% intraoperative screw revision rate where either K-wires or pedicle screws were redirected, removed, or replaced with hooks before hardware fixation and performance of corrective maneuvers. Larson et al 21 reported a 3.6% intraoperative revision rate for navigated pedicle screws with confirmatory intraoperative scans after screw placement in a pediatric population. In their study, there were no revision surgeries for malpositioned screws. Hecht et al 20 reviewed their series of cervical spine surgeries wherein screws were placed with 3-D image guidance. Intraoperative CT scans were used to evaluate implanted hardware position. They revised 9 (1.2%) of 713 screws in 7 (8%) of 87 patients. Use of their intraoperative imaging, which has a fixed cost of approximately one-third of $1 million, potentially saved 7 patients from undergoing reoperation, which cost approximately $500,000.
A limitation of the current study, given its retrospective design and reliance on review of operative reports and available imaging studies, is that the intraoperative revision rate is more of a minimum rate rather than the actual rate. Furthermore, there is no established way of knowing whether these intraoperatively revised screws would cause clinically significant consequences. The only way to find out is if a patient develops neurologic symptoms that require revision surgery. Pooled data from a historical cohort of non-navigated pedicle screws suggest that approximately 4 of 100 patients undergo reoperation for a symptomatic malpositioned screw ( Table 5 ). Watkins et al 22 evaluated the cost-effectiveness of image guidance in spine surgery and reported that the average cost of revision surgery for a misplaced screw was approximately $24,000 based on hospital charges and physician reimbursement. In their own practice, they were able to save approximately $71,000 in their first 100 cases.
The current study sought to compare open and percutaneous techniques of pedicle screw placement. Surgeons are increasingly using the latter technique for the benefits associated with minimally invasive surgery. 23 Percutaneous techniques have the disadvantage of indirect visualization of the osseous anatomy. Consequently, high incidences of screw malposition, K-wire-related complications, and facet joint violations have been reported. 7, 8, [24] [25] [26] [27] In the current study, intraoperative screw revision rates were not significantly different for both techniques. This can be explained by the fact that the surgeon has the ability to see the spinal anatomy in 3 planes with 3-D imageguided surgery. Radiation exposure from the intraoperative CT is a potential concern. Bandela et al 28 examined the radiation exposure of fluoroscopy and intraoperative CT scan and reported that the use of the latter virtually eliminated radiation exposure to the surgical team but increased exposure to the patient. However, it could be argued that overall radiation exposure to the patient can be lowered by eliminating the need for perioperative sources of radiation, such as pre-and postoperative CT scans.
Robot-assisted pedicle screw insertion is increasingly being used by spine surgeons. The advantage of the technique is that the computer-assisted robotic device assists the surgeon in inserting screws based on a preoperatively planned trajectory. This potentially increases pedicle screw placement accuracy and reduces radiation exposure time. In vivo studies report an accuracy range of 85% to 95%. 6, 29, 30 The current authors have no experience with this technology, but it is a promising addition to a surgeon's armamentarium.
conclusion
This study could be improved by including other vertebral levels. Evaluating placement accuracy at the cervical and thoracic levels would give more elucidating information of the value of navigation. The authors did not have enough cases of navigated percutaneous pedicle screws in the cervical or thoracic spine to be able make meaningful comparisons between the open and percutaneous techniques. They report a 4.6% intraoperative revision rate with the use of navigation and intraoperative CT scan. This technology has virtually eliminated the need for reoperation secondary to a malpositioned screw. It may suggest a more cost-effective way of preventing neurovascular injuries and revision surgery. However, taking into account the potential for increased radiation to the patient, more dedicated studies on this new technology's effect on health economics should be undertaken. 
